We measure generation±recombination noise in hydrogenated amorphous silicon and determine parameters both in thermal and non-thermal equilibrium. We propose a hole bound to a negatively charged Si dangling bond as the intermediate state in the process of thermal creation of holes. We arrive at a hole binding energy of 0X3 AE 0X1 eV and an attempt rate for hole creation of 7 Â 10 12 s À1 . Under illumination we determine the quasi-Fermi level of the minority carriers. Light-induced degradation is shown to shift the distribution of neutral dangling-bond states deeper into the gap. Ó
Introduction
The electronic properties of hydrogenated intense amorphous silicon (a-Si:H) have been subject of research [1] . In particular the understanding of the fundamental eect of light-induced defect creation has been a prime but unresolved issue that has direct impact on applications of a-Si:H. The dynamics of charge carriers and their interaction with such defects have therefore been studied with numerous experimental techniques [1] including time-resolved optical measurements, modulated photocurrent, and transient photoconductivity. All these experiments have the limitation that essentially non-equilibrium dynamics are probed while equilibrium dynamics remain hidden. Noise spectroscopy, however, is a useful technique to investigate the dynamics under thermal equilibrium conditions.
A noise study of doped n-type hydrogenated amorphous Si devices with coplanar contact geometry has been carried out by Parman et al. [2] . Anomalously large discrete resistance switching has been observed with unstable switching rates and amplitudes. Furthermore, the non-Gaussian statistics observed indicates the presence of cooperative noise sources [3] . These results provide evidence that in coplanar devices part of the current is carried by ®laments whose resistance is affected by local atomic con®gurations. Although we expect noise due to the motion of charge carriers to be present in any semiconductor, other noise mechanisms apparently prevail in coplanar devices.
In crystalline semiconductors, generation±re-combination (g±r) noise is generally observed, has a Lorentzian spectra, and yields relevant trap parameters, such as the capture cross-sections, energy positions, and trap densities (see e.g. [4] ). In amorphous semiconductors, we expect a smearing of the Lorentzian spectra to a featureless 1af shape, explaining why no serious experimental Journal of Non-Crystalline Solids 266±269 (2000) 232±236 www.elsevier.com/locate/jnoncrysol work has been undertaken. However, Lee et al. [5] predicted that g±r processes in amorphous semiconductors should produce near Lorentzian spectra, containing physical information as with crystalline semiconductors. Recently we demonstrated that resistance¯uctuations in a-Si:H are governed by g±r noise, both in thermal equilibrium and in non-thermal equilibrium [6, 7] . In this paper we exploit noise spectroscopy to make the dynamics of charge carriers and the properties of dangling-bond defects in an amorphous semiconductor accessible for measurements under thermal equilibrium conditions. We ®nd evidence that the thermal creation of holes involves the conversion of a neutral sp 3 silicon dangling bond into a hole bound to a hybridized s 2 p 3 con®guration and determine the conversion energy at thermal equilibrium and the hole binding energy. Further, we measure the attempt to escape frequency, an important parameter to calibrate deep-level transient-spectroscopy [8] and thermally-stimulated-conductivity experiments [9] . Finally, we monitor both the electron and hole quasiFermi levels by simultaneously measuring the conductivity and the noise under illumination.
Experiments
We have used Cr-n -i-n -Cr structures with a 1.5-lm-thick intrinsic a-Si:H layer sandwiched between two 50-nm-thick, highly doped n-type layers to provide optimal contacts to the chromium metal ®lms. The circular top contact has a diameter of 3 mm and is only 15 nm thick to allow for illumination of the intrinsic layer with visible light. This geometry was found to be the best compromise for a study of intrinsic a-Si:H over a range of temperatures and illumination intensities [6, 7] . The device-quality a-Si:H ®lms were deposited on Corning 7059 glass using plasma enhanced chemical vapor deposition (PECVD) at a substrate temperature of 470 K. The device is glued on a copper block using thermally conductive paste and mounted in a temperature controlled vacuum vessel with optical and electrical access. During a typical noise measurement, the sample is put in series with a resistance that is always at least 20 times larger than the sample resistance and carries a constant current driven by fully charged dry batteries. The current serves to convert the resistance¯uctuations into detectable voltage¯uctua-tions. The¯uctuating voltage over the sample is ampli®ed using a low-noise voltage ampli®er (NF Electronics LI 75A) and fed into a computercontrolled digital spectrum analyzer (Advantest R9211A). Correction was made for thermal and ampli®er noise. The response of the setup is frequency independent for all measurements presented. Spurious contact eects were determined to be absent in the temperature range studied and for the current densities used [6, 7] . All measurements are performed in the ohmic regime and had a noise intensity that scaled quadratically with current at least to moderately high temperatures (<420 K). We ®nd that the noise is Gaussian [6, 7] .
Results
A typical example of a noise power spectrum is presented in Fig. 1 . The spectrum was taken at 403 K in the dark and is the result of averaging 200 individual power spectra. Its shape is neither Lorentzian nor pure 1af . This result is exactly what we expect for g±r noise involving traps dispersed throughout the gap [5±7]. For g±r noise in crystals the kinetics are thermally activated, since recombination is limited by thermal excitation of the minority carriers, i.e. holes. The rate constant, f 1 , that characterizes a Lorentzian spectrum is usually de®ned as the frequency where the slope of the spectrum, d ln S V ad ln f , is equal to À1. In the inset of Fig. 1 the distribution of hole activation energies is plotted as extracted from the noise spectrum taking an attempt frequency of 7 Â 10 12 s À1 (see below). In Fig. 2 we plot this characteristic frequency, f 1 , as a function of temperature. We indeed ®nd it thermally activated. The activation energy, E f 1 , is 0.83 eV and connected to the barrier for thermal creation of minority carriers. It may be surprising to some that generation and recombination processes in an amorphous semiconductor do not simply produce a featureless 1af spectrum. The reason is that all traps do not contribute equally to the variance in the number of free carriers: Fermi±Dirac statistics must be taken into account in trapping and emission processes [5, 10] , traps more than $ 2k B T greater than the Fermi energy, E F , are always empty while those more than $ 2k B T less than E F are permanently ®lled. As a result only traps within $ 2k B T of E F contribute eectively to the variance. The measured distribution, however, has a width of $ 0X2 eV (see inset Fig. 1) , larger than the predicted $ 4k B T . This width implies that the spectrum is broadened.
From Fig. 2 we directly obtain the attempt to escape frequency for thermal emission of holes to the valence band and ®nd f 0 7 Â 10 12 s À1 , coinciding with the typical phonon frequencies. In this ®gure we also plot the conductance as a function of temperature which is thermally activated with an activation energy E r of 0X73 eV, somewhat smaller than generally found for intrinsic amorphous silicon. This E r is caused by band bending, generally observed in devices with sandwich geometry [11] . We note that band bending also explains the broadening of the spectra noted earlier (Fig. 1) .
Discussion
The sum of E r and E f 1 is much smaller than the mobility gap of $ 1X85 eV [1] . As we will demonstrate now, this points to correlated defect states with a positive correlation energy, U, representing the energy shift of the electronic level when a second electron is put onto a neutral singly occupied (D 0 ) silicon dangling bond. The occupancies of negatively charged two electron (D À ), D 0 , and positively charged empty (D ) dangling bond states are shown in Fig. 3 for a U 0X3 eV [12, 13] . Here, the energy, E r , represents the energy distance of the upper demarcation energy of the D 0 states (E F ) to the conduction-band mobility edge (E c ), since the conductivity is determined by thermal excited free electrons. The identi®cation of E f 1 is less straightforward and corresponds, in our view, to the energy needed to form a D À Y h defect. We envisage the creation of minority carriers to take place by the following reaction:
Here, a D 0 defect is converted into a complex of a hole bound by an energy U H to a D À defect. Subsequently, a free hole is created by escape from the defect. Since the interaction energy U H is much smaller than E F À E v this step is not rate limiting. The D À Y h center is one of the candidates suggested to act as so-called safe hole traps (SHT) observed at low temperatures. McMahon and Crandall [14] have located Fig. 2 . Temperature dependence of the conductance and characteristic frequency. The activation energy of the characteristic frequency is 0.83 eV (cf. the inset of Fig. 1 ) and the attempt rate is 7 Â 10 12 s À1 . The inset shows how DE E g À E f1 À E r increases with illumination intensity (IaI 0 1 corresponds to illumination at 10 lW cm À2 with a wavelength of 635 nm.
the SHT distribution between 0.25 eV and 0.4 eV above the hole transport energy. With E r 0X73 eV, E f 1 0X83 eV, and a mobility gap E g 1X85 eV, we ®nd that U H E g À E f 1 À E r 0X3 AE 0X1 eV, consistent with their results.
The energy U H , of course, is related to the correlation energy, U. If the hole fully screens the repulsive interaction of electrons residing at a D À center we simply have U 9 U H . A recent indirect measurement of U in intrinsic a-Si:H was carried out by Lee and Schi [15] , who found U $ 0X3 eV, in agreement with our observations and we suggest that almost full screening occurs.
These results are consistent with degradation experiments of Fig. 4 where we compare S V aV 2 at 1 s À1 as a function of temperature before and after degradation for another sample. We observe a broad peak which is characteristic for Lorentzian spectra, S V aV 2 G sa1 x 2 s 2 , with thermally activated time constants, s, and measuring frequency, x. The peak temperatures, T p , are 340 K and 320 K before and after degradation, respectively. Taking for the attempt rate 7 Â 10 12 s À1 and using E f 1 Àk B T p lnxax 0 , we ®nd E f 1 to shift from 0X87 AE 0X02 to 0X82 AE 0X02 eV upon degradation. At the same time, we measure that E r for this sample increased from 0X69 AE 0X02 eV to 0X75 AE 0X02 eV. Indeed, the increase of E r equals the decrease of E f 1 consistent with a constant U H . The band of D 0 defects therefore shifts deeper into the gap with degradation. We note from Fig. 4 that the noise intensity increases with degradation and may well be used in the quest to understand the origin of the Staebler±Wronski eect. Finally we explored noise under steady-state illumination. The inset in Fig. 2 shows that both E r and E f 1 decrease with increasing illumination intensity, a manifestation of the splitting of the Fermi level into quasi-Fermi levels for electrons and holes. This is in accord with calculations of the electron occupancy of dangling-bond defects under steady-state illumination [16] .
Conclusions
In conclusion, we have used noise spectroscopy in amorphous semiconductors to productively study recombination processes and defects. From our measurements we suggest that recombination of electrons and holes involves correlated defect states. These defects, which may act as safe hole traps at low temperatures play an equally important role at high temperatures, where they promote the creation of holes. Under illumination, the combination of conductivity and noise spectroscopy measurements allows us to independently monitor the electron and hole quasi-Fermi levels. Our measuring strategy should be equally applicable to other amorphous semiconductors, such as amorphous germanium, amorphous silicon alloys, and possibly polymers.
